nature neurOSCIenCe a r t I C l e S Motivated behaviors are critically dependent on arousal, and the capacity to organize periods of sleep and wakefulness in response to specific environmental and homeostatic conditions is essential for survival in nature. Nonetheless, little is known about the neuronal mechanisms that coordinate motivational processes with sleep-wake regulation. VTA dopaminergic neurons are central regulators of motivational processes [1] [2] [3] [4] [5] , yet their role in the generation and maintenance of wakefulness is controversial and underexplored from a causal perspective 6 .
a r t I C l e S Motivated behaviors are critically dependent on arousal, and the capacity to organize periods of sleep and wakefulness in response to specific environmental and homeostatic conditions is essential for survival in nature. Nonetheless, little is known about the neuronal mechanisms that coordinate motivational processes with sleep-wake regulation. VTA dopaminergic neurons are central regulators of motivational processes [1] [2] [3] [4] [5] , yet their role in the generation and maintenance of wakefulness is controversial and underexplored from a causal perspective 6 .
A current model for sleep-wake regulation proposes that it is governed by complex interactions between several neuronal populations that show robust arousal-state-dependent alterations in firing rate 7 . Early electrophysiological findings suggested that VTA and substantia nigra pars compacta dopaminergic neurons do not change their mean firing rate across sleep-wake states [8] [9] [10] [11] . Moreover, lesions of VTA and substantia nigra pars compacta dopaminergic neurons result in lack of behavioral arousal but do not modify time spent in electrocortical wakefulness 12 . These findings led to the influential hypothesis that VTA dopaminergic neurons are not involved in the proper regulation of sleep-wake states and are only essential for behavioral but not electrocortical wakefulness 6, 7 .
In contrast, growing evidence suggests that dopamine is required for normal electrocortical sleep-wake states. Stimulants enhancing dopaminergic tone are among the most potent wake-promoting substances known 13 and their arousing effects are abolished in mice deficient in dopamine signaling 14, 15 . Humans with reduced levels of dopamine reuptake transporter display altered slow-wave activity following sleep deprivation 16 . Genetically modified animal models, lesioning studies and pharmacological manipulations support a role for dopamine in arousal regulation 14, [17] [18] [19] [20] [21] , yet its source remains unclear. Extracellular dopamine levels in the nucleus accumbens (NAc) and the medial prefrontal cortex (mPFC) fluctuate across arousal states 22 . Furthermore, a more detailed examination of VTA dopaminergic neuron firing patterns revealed changes in the temporal pattern, rather than mean rate, across sleep-wake states 23 . During motivated waking and REM (rapid eye movement) sleep, VTA dopaminergic neurons are strongly activated and exhibit pronounced burst firing, whereas during quite waking and non-REM (NREM) sleep these neurons exhibit slow firing rates with an irregular pattern 23 . Taken together, these findings make VTA dopaminergic neurons appealing candidates to link motivational processes and sleep-wake regulation; however, functional proof of this hypothesis has remained lacking.
In this study, we recorded neuronal activity in VTA dopaminergic neurons of freely behaving mice using fiber photometry and combined behavioral, chemogenetic and optogenetic manipulations with polysomnographic recordings. We examined the necessity of VTA dopaminergic neurons for electrocortical and behavioral wakefulness under basal conditions and in the presence of salient stimuli related to mating, feeding and predation. We also examined the sufficiency of VTA dopaminergic neurons and their projections to generate and maintain wakefulness. We uncovered a fundamental role for VTA dopaminergic circuitry in ethologically relevant sleep-related behavior, in addition to a pivotal role in the maintenance of the behavioral and electrocortical awake state.
RESULTS
We assessed population activity of VTA dopaminergic neurons across spontaneous sleep-wake states using fiber photometry technology 24, 25 by injecting a Cre-dependent adeno-associated virus (AAV) encoding the fluorescent calcium indicator GCaMP6f (AAV-DJ-EF1α-DIOGCamP6f) into the VTA of tyrosine hydroxylase (Th)-IRES-Cre (Th-Cre) a r t I C l e S knock-in mice (n = 4 mice). We implanted the mice with a fiber optic probe for subsequent delivery of excitation light and collection of fluorescent emission 24, 25 and with electroencephalogram-electromyogram (EEG-EMG) electrodes for simultaneous sleep-wake recordings (Fig. 1a,b) . We recorded calcium and EEG-EMG signals during the inactive, light phase in the home environment of mice. When comparing the fluorescence signal and rate of calcium transients across arousal states, we found robust alterations in Th + VTA population activity (Fig. 1c-f and Supplementary Fig. 1h-k) . During NREM sleep, Th + VTA neurons showed a lower fluorescence and calcium transient rate than during either wake or REM sleep (Fig. 1c-e and Supplementary  Fig. 1h-k) . Notably, Th + VTA neurons began to decrease their activity before wake-to-NREM transitions and increase their activity before NREM-to-REM and NREM-to-wake transitions ( Fig. 1f and ANOVA between arousal state and mice, arousal state: F 2,14 = 36.95 (fluorescence) and 89.26 (transient rate), P = 2.6 × 10 −6 (fluorescence) and 1.08 × 10 −8 (transient rate); followed by Tukey's post hoc tests, *P = 0.015, ***P = 3 × 10 −4 , ****P = 1 × 10 −6 (fluorescence) and ****P(wake-NREM) = 9 × 10 −5 , (wake-REM) = 9 × 10 −6 and (NREM-REM) = 6 × 10 −9 . (f) Fluorescence aligned to arousal state transitions. Top, individual transitions with colorcoded fluorescence intensity (wake-NREM, n = 254; NREM-wake, n = 172; NREM-REM, n = 86; REM-wake, n = 84). Bottom, average responses from all the transitions expressed as mean (blue trace) ± s.e.m. (gray shading). Trials in top panel are sorted by the duration of the second state (shortest, top; longest, bottom). a r t I C l e S and EMG activity over 2 h after injection (one of seven mice). (d) Percent (mean ± s.e.m.) time in wake, NREM and REM sleep during 2 h after injection (n = 7 per group, two-way RM ANOVAs between compound injected and virus, interaction: F 1,12 = 41.96 (wake), 42.03 (NREM), 9.64 (REM); P = 3 × 10 −5 (wake and NREM), 0.0091 (REM)). (e) Representative EEG-EMG traces. EEG power spectrogram (µV) of (f) wake-to-NREM sleep transitions and (g) NREM-to-REM sleep transitions (aligned to state transition at 8 s and 60 s, respectively; dashed white line). Presented are averages across all transitions (wake-to-NREM, n = 99 transitions (saline) and n = 138 (CNO); NREM-to-REM n = 10 (saline) and n = 30 (CNO)), in all mice (n = 6 per group). (h-l) Sleep-wake parameters (mean ± s.e.m.) during the 2 h after injection (n = 7 per group, two-way RM ANOVAs followed by Sidak's post hoc tests, *P = 0.011, **P(CNO: mCherry-hM4Di) = 0.009 and (hM4Di: saline-CNO) = 0.001, ***P = 2 × 10 −4 , ****P(NREM-hM4Di: saline-CNO) = 7 × 10 −5 , ****P(REM-CNO: mCherry-hM4Di) = 5 × 10 −5 . (h) EEG power spectrum of arousal states episodes (two-way RM ANOVAs between compound injected and frequency, compound injected: P > 0.18). (i,j) Latency to the first (i) NREM and (j) REM sleep episode (interaction: npg a r t I C l e S Supplementary Fig. 1l ). In contrast, Th + VTA neurons showed a higher fluorescence and calcium transient rate during REM sleep than during either wake or NREM sleep (Fig. 1c-f and Supplementary Fig. 1h-k) , consistent with previous data 23 . These findings demonstrate that Th + VTA neurons change their population activity across sleep-wake states and offer a mechanistic framework for the participation of Th + VTA neurons in the regulation of sleep and wakefulness.
Th + VTA neurons are necessary for wakefulness To examine the causal role of VTA dopaminergic neurons in electrocortical and behavioral wakefulness, we employed a chemogenetic approach 26 . We injected an AAV encoding a modified inhibitory muscarinic G protein-coupled receptor (AAV5-EF1α-DIO-hM4Di-mCherry, 'hM4Di' hereafter; or the control virus AAV5-EF1α-DIOmCherry, 'mCherry' hereafter) into the VTA of Th-Cre mice and implanted EEG-EMG electrodes (Fig. 2a,b and Supplementary Fig. 2 ). Once neurons express the hM4Di receptor they can be inhibited by systemic clozapine-N-oxide (CNO) administration 26 .
To examine the necessity of Th + VTA neurons for wakefulness, we injected mice with saline or CNO (1 mg kg −1 ; intraperitoneal injection) at the beginning of the active, dark phase (Zeitgeber time ZT 14) and monitored their EEG-EMG signals for 24 h). CNO inhibition of Th + VTA neurons promoted all polysomnographic characteristics of sleep (Fig. 2c,d and Supplementary Fig. 3a,b) . In hM4Di mice, CNO administration reduced wakefulness and increased NREM and REM sleep during the 2 h following injection, as compared with saline and mCherry controls ( Fig. 2d and Supplementary Fig. 3a,b) . The EEG power spectrum during NREM and REM sleep, induced by inhibition of Th + VTA neurons, was similar to the spectrum displayed during spontaneous sleep (Fig. 2e-h) , and NREM sleep episodes showed a typical increase in delta power with time ( Supplementary  Fig. 3c ). CNO reduced the latency for NREM sleep in hM4Di mice but did not alter REM latency (Fig. 2i,j) . CNO increased NREM episode duration in hM4Di mice, while leaving the number of episodes intact (Fig. 2k,l) . In contrast, CNO administration increased the number of REM episodes in hM4Di mice rather than their duration (Fig. 2k,l) . These findings show that Th + VTA neurons are necessary for the maintenance of both electrocortical and behavioral wakefulness and that their inhibition induces polysomnographic and behavioral characteristics of sleep. npg a r t I C l e S Th + VTA neurons are necessary for salience-induced wakefulness Dopaminergic VTA neurons are activated in response to ethologically relevant salient stimuli ( Fig. 3a ) [1] [2] [3] [4] [5] , yet it remains unknown whether they are necessary for the generation and maintenance of wakefulness in face of salient stimuli. We inhibited Th + VTA neurons during the active (dark) phase while presenting male mice different salient stimuli. Forty-five minutes after saline or CNO administration (at ZT 13.75), we provided mCherry and hM4Di mice palatable food (6 g of high-fat chow) while simultaneously recording EEG-EMG signals for 1 h. In the presence of palatable food all three control groups were mostly awake ( Fig. 3b) . In contrast, CNO administration to hM4Di mice before the palatable food presentation prevented the maintenance of wakefulness and promoted NREM sleep ( Fig. 3b and Supplementary Fig. 4a,b) . When the palatable food was made inaccessible, control mice showed near-complete wakefulness and persistence in behavioral response to the stimulus (Fig. 3c , Supplementary Fig. 4b and Supplementary Video 1). CNO administration to hM4Di mice, in contrast, promoted NREM sleep and prevented the maintenance of wakefulness and persistence in behavioral response (Fig. 3c, Supplementary Fig. 4a ,b and Supplementary Video 2), even after 16 h of food deprivation (Fig. 3d) . Nonetheless, during a 1-h accessible palatable food test, control and CNO-treated hM4Di mice consumed similar amounts of high-fat chow ( Fig. 3e) , suggesting that the reduction in wakefulness and increase in sleep following Th + VTA neuron inhibition was not due to the mouse's inability to perceive the salience of the stimulus. Next we examined the necessity of Th + VTA neurons to wakefulness in face of mating-related stimuli. In the presence of an adult female The whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted individually using the "+" symbol. From 4 mice, novel object, n = 374 epochs; active waking n = 2,801 epochs; nest-building n = 2,143 epochs), twoway ANOVA between behavioral state and mice, behavioral state: F 3,2 = 37.25, P = 5.2 × 10 −50 ; followed by Sidak's post hoc tests, P(active wakingnovel object) = 1 × 10 −5 , (active waking-nest building) = 9 × 10 −10 and (novel object-nest building) = 9 × 10 −10 . (j) Mean (± s.e.m.) transient rate during novel object exploration, active waking and nest-building (n = 4 mice). One-way ANOVA; F 2,9 = 10.56, P = 0.0044; followed by Tukey's multiple comparisons test, **P = 0.0033. npg a r t I C l e S mouse, either freely moving or restricted to a mesh cage, all three control groups were mostly awake (Fig. 3f,g, Supplementary Fig. 4b and Supplementary Videos 3 and 5). In contrast, CNO administration to hM4Di mice prevented the maintenance of wakefulness and promoted NREM sleep (Fig. 3f,g, Supplementary Fig. 4a,b and Supplementary Videos 4 and 6). Nevertheless, during test periods where they remained awake, CNO-treated hM4Di mice showed typical mating related-behaviors (Supplementary Video 4) , strengthening the premise that the reduction in wakefulness following Th + VTA neurons inhibition was not due to the inability to perceive the salience of the stimulus. Lastly, we examined the necessity of Th + VTA neurons to arousal in face of an aversive stimulus. As with the appetitive stimuli, CNO administration to hM4Di mice before the presentation of predator odor prevented the maintenance of wakefulness and promoted NREM sleep ( Fig. 3h and Supplementary Fig. 4a,b) .
Together these findings demonstrate that Th + VTA neuron inhibition prevents a proper arousal response in face of some of the most salient stimuli for animals, related to feeding, reproduction and predation. Our findings strongly suggest that Th + VTA neurons have a key role in salience-induced arousal.
Inhibition of Th + VTA neurons prompts nest-building behavior Sleep typically occurs in a species-specific site, commonly the home environment or nest [27] [28] [29] . We thus wished to examine whether sleep induced by inhibition of Th + VTA neurons was context specific and would persist in mice removed from their home environment and transferred to a novel one. We transferred mCherry and hM4Di mice to a new cage containing ad libitum food and water and a 3 g Nestlet (a pressed cotton square used for nest construction) 45 min after saline or CNO administration (ZT 13.75) while simultaneously recording their EEG-EMG signal for 1 h (Fig. 4a) . CNO administration to hM4Di mice slightly increased NREM sleep compared to the control groups, which were continuously active during the entire test period (Fig. 4b) . CNO-treated hM4Di mice slept during only 14.9% ± 5.9 of the test period in the novel environment, substantially less than in the familiar home environment (Fig. 3b-d,f-h) , and only toward the end of the hour (mean latency for NREM episode: 46.57 ± 3.12 min; Supplementary Fig. 5a ). Notably, CNO-treated hM4Di mice were mainly engaged in nest-building during the test period (Supplementary Video 7) , and we found newly constructed nests at the end of the hour in all CNO-treated hM4Di mice cages (Fig. 4c,d) . In contrast, mice from all three control groups left their newly provided nesting material practically untouched during the test period (Fig. 4c,d and Supplementary Video 8) . Nesting behavior induced by CNO was indistinguishable from the goal-directed behavior observed during normal nest-building and included pulling, carrying, fraying, push-digging, sorting and fluffing of nesting material and bedding (Supplementary Video 7), as previously described 30 . To exclude the possibility that nest construction was induced by hypothermia, we monitored core body temperature for 4 h following CNO administration, finding no decrease in body temperature from baseline in either mCherry or hM4Di mice (Supplementary Fig. 5b) .
We next wished to examine whether the nest-building behavior we observed was a response to the lack of a nest in the new environment or was a nonspecific, stereotypic behavior elicited by Th + VTA neurons inhibition, unrelated to sleep. We thus repeated the first experiment but here we transferred test mice together with their old nest to the new environment (Fig. 4e) . All control groups were continuously active during the test period, scattering the material of their old nest about the cage (Fig. 4f,g and Supplementary Video 9) . In contrast, in the presence of their old nest, CNO-treated hM4Di slept as in their home environment (Fig. 3b-d,f-h ) and significantly more than in a new cage without their nest (one-tailed t-test; t 6 = 2.5, P = 0.02). Moreover, in the presence of their old nest, CNO-treated hM4Di left their newly provided nesting material practically untouched ( Fig. 4g  and Supplementary Video 10) . Together, our findings strongly indicate that, in addition to promoting sleep, Th + VTA neuron inhibition unleashes a complex, ethologically relevant sleep-related behavior in a context-dependent manner.
We next wished to determine population activity of Th + VTA neurons during nest-building behavior. In this experiment, we sought to induce nest-building without transferring the mice to a new environment or introducing novel objects (i.e., new nesting material), which are known to activate VTA dopaminergic neurons. Therefore, we scattered the already built nest about the home environment of the test mice while performing time-locked fiber photometry, EEG-EMG and video recordings (Fig. 4h) . We also introduced three glass marbles (novel objects) to the test mice following the nest scattering. We performed a detailed 1-s behavioral scoring of the videos and found that Th + VTA neurons showed low fluorescence and calcium transient rates during nest-building, compared to active waking and novel object exploration (Fig. 4i-j) . These findings suggest that sleep-related nest-building behavior naturally occurs under low dopaminergic tone. npg a r t I C l e S Stimulation of Th + VTA neurons initiates wakefulness We next examined the capacity of Th + VTA neurons to initiate and maintain wakefulness. While the chemogenetic approach is particularly suitable for carrying out prolonged inhibitions, it lacks the temporal resolution needed to study sleep-to-wake transitions. Therefore, we used optogenetics, which allows millisecond timescale precision, to study the effects of Th + VTA stimulation on wakefulness initiation and maintenance. We injected an AAV encoding channelrhodopsin-2 (AAV5-DIO-EF1α-ChR2-eYFP, hereafter ChR2 mice; AAV5-DIO-EF1α-eYFP, hereafter eYFP mice, were used as controls) into the VTA of Th-Cre mice and implanted a fiber optic probe above the VTA and EEG-EMG electrodes (Fig. 5a,b) . We examined the effect of photostimulation (5 s of photostimulation at 1 or 25 Hz) on sleep-towake transitions during the inactive, light phase. Phasic 25-Hz stimulation of Th + VTA neurons during NREM sleep induced an almost immediate transition to wakefulness in ChR2 but not in eYFP mice, even following 4 h of sleep deprivation (Fig. 5c,d and Supplementary  Fig. 5b ). In ChR2 mice the 25-Hz stimulation during NREM sleep induced a decrease in slow-wave activity (Supplementary Fig. 5c ).
Optogenetic stimulation of Th + VTA neurons at 1 or 25 Hz during REM sleep decreased REM episode duration in ChR2 mice compared with eYFP controls (Fig. 5e) . Taken together, our findings demonstrate that Th + VTA neurons have a potent capacity to initiate wakefulness, even in the face of homeostatic sleep pressure.
Stimulation maintains wakefulness and inhibits nest-building
To investigate whether Th + VTA neurons can maintain wakefulness, we delivered optical stimuli at 25 Hz for 2 s min −1 during the first 6 h of the light phase (ZT 0-ZT 6; Fig. 6a ). Semichronic stimulation of Th + VTA neurons was sufficient to induce almost continuous wakefulness and to inhibit both NREM and REM sleep during the entire 6 h of stimulation in ChR2 but not in eYFP mice (Fig. 6b-e) . Moreover, optical stimulation produced a prominent 9-Hz theta component in the wake EEG power spectrum, which was present across all 6 h in ChR2 mice (Supplementary Fig. 6d ). The NREM sleep EEG power spectrum in the first hour following termination of stimulation was noticeably different from the remaining hours of the light phase in ChR2 mice and contained a higher delta power (Supplementary Fig. 6e ). During the following dark phase (ZT 12-ZT 0), the duration of wakefulness was significantly reduced and the duration of NREM and REM sleep was significantly increased in ChR2 mice (Fig. 6d,e) . These rebound effects were similar to those observed following sleep deprivation by gentle handling during this circadian phase 31 . To validate the involvement of dopamine in the photostimulation-induced wakefulness, we pretreated mice with D1 and D2 receptor antagonists (SCH-23390 and eticlopride, respectively, 1 mg kg −1 , i.p., as in ref. 32) , before the semichronic photostimulation. Dopamine receptor antagonism blocked the wake maintenance and sleep suppression induced by Th + VTA neurons stimulation (Supplementary Fig. 6f ), indicating that dopamine signaling is key to this process. To further investigate the causal role of Th + VTA neurons in nest-building behavior, we removed the old nest from the home environment of test mice just before the initiation of a semichronic photostimulation (2 s min −1 , from ZT 0-ZT 3), provided new nesting material and quantified nest-building 3 h later (Fig. 6f) . Mice promptly rebuild a nest during the light phase if their old one is removed and new nesting material is provided. Control mice constructed nearly perfect nests during the test period, whereas ChR2 mice stimulated at 25 Hz left the nesting material practically untouched (Fig. 6g,h ) despite being continuously awake. Taken together, these findings demonstrate that Th + VTA neurons are potent in maintaining electrocortical and behavioral wakefulness and that optically driven activity in these neurons is sufficient to suppress the motivation to engage in ethologically relevant sleep-related behavior. a r t I C l e S (25 Hz for 5 s) of the NAc, CeA and DLS projections in ChR2 mice during NREM sleep significantly reduced the latency to wake compared to that in eYFP mice and to 1-Hz stimulation (P < 0.01 for all three projections; Fig. 7e ,g,h and Supplementary Fig. 7a,c,d ). In contrast, photostimulation of the mPFC projections had no significant effect on NREM sleep duration ( Fig. 7f and Supplementary Fig. 7b ). During REM sleep, photostimulation of the NAc and DLS projections in ChR2 mice had no effect on REM duration (Fig. 7i,l and Supplementary Fig. 7e,h) , whereas photostimulation of the mPFC and CeA projections reduced REM-to-wake latency compared with the control groups (Fig. 7j,k and Supplementary Fig. 7f,g ).
To examine the capacity of Th + VTA projections to maintain wakefulness, we delivered optical stimuli (25 Hz for 2 s min −1 ) during the first 6 h of the light phase (ZT 0-ZT 6; Fig. 7m-x) . The only projection capable of maintaining arousal was the NAc, and semichronic stimulation of this circuit increased wakefulness and decreased NREM and REM sleep (Fig. 7m,q,u) but to a lesser extent than optically activating Th + VTA cell bodies (Fig. 6d) . Semichronic stimulation of all other projections had no significant effect on sleep-wake architecture (P(interaction) > 0.2 for all projections; Fig. 6n-p,r-t,v-x) . Interestingly, semichronic stimulation of either of the terminals did not prevent the construction of a new nest (Supplementary Fig. 7i-l) , in contrast to Th + VTA cell body stimulation (Fig. 6h) . Together our findings suggest that different projections of Th + VTA neurons differentially modulate arousal, but most of the examined effects on sleep-wake states are mediated by the NAc projections.
DISCUSSION
To uncover the causal role of VTA dopaminergic neurons in sleepwake regulation, we combined fiber photometry, behavioral, chemogenetic, optogenetic and polysomnographic methods with spatial and temporal resolutions relevant to natural sleep-wake events. We demonstrate a causal role for VTA dopaminergic neurons in the regulation of sleep-wake states and sleep-related behaviors. We reveal arousal state-dependent alteration in neuronal activity of VTA dopaminergic neurons, identifying a reduction in population activity during NREM sleep. We show that VTA dopaminergic neurons are capable of maintaining long-term wakefulness during a period of high sleep pressure and are necessary for the maintenance of wakefulness even during a period of low sleep pressure. We further show that even in arousal-promoting environments VTA dopaminergic neurons are necessary for the maintenance of wakefulness. We begin to establish a circuit through which VTA dopaminergic neurons regulate arousal and demonstrate that the NAc pathway promotes wakefulness and suppresses sleep. Finally, we uncover a fundamental role for VTA dopaminergic neurons in the regulation of goal-directed and sleep-related nesting behavior. To the best of our knowledge, this is the first demonstration of a causal regulation of sleep-related nestbuilding by a specific neuronal population.
Pharmacological agents targeting dopamine-signaling pathways can potently modulate wakefulness 13, 19 , and genetically modified animal models lacking different components of dopamine-signaling pathways (for example, dopamine transporters and dopamine receptors) also clearly implicate dopamine in sleep-wake regulation 14, 15, [17] [18] [19] 32 , yet the neuronal sources of dopamine in this regard have thus far been unclear. Early lesioning and electrophysiological studies 8, 9, 11, 12 led to the influential hypothesis that VTA dopaminergic neurons are not involved in the regulation of sleep-wake states 6, 7 , and one neuronal population hypothesized to mediate the effects of dopamine on arousal was the group of ventral periaqueductal gray matter (vPAG) dopaminergic neurons 7, 33 . vPAG dopaminergic neurons show c-Fos immunoreactivity during wakefulness but not during sleep, and lesioning these neurons reduces wakefulness and increases sleep 34 . We now show that VTA dopaminergic neurons not only display arousal-state-dependent alterations in population activity but potently and bidirectionally regulate sleep-wake states. We demonstrate that VTA dopaminergic neurons are necessary for arousal and that their chemogenetic inhibition suppresses wakefulness to promote both NREM and REM sleep, whereas optogenetic stimulation promotes long-term wakefulness and suppresses sleep. Future studies may uncover the functional relationship between vPAG and VTA dopaminergic populations in sleep-wake regulation and reveal whether they act in concert or in independent pathways to generate and maintain arousal.
Our findings strongly indicate that the sleep induced by inhibition of VTA dopaminergic neurons is physiological. Following chemogenetic inhibition mice show polysomnographic characteristics of sleep, reduced muscular activity and typical EEG power spectrum for each sleep state. In addition, before inducing sleep, chemogenetic inhibition of VTA dopaminergic neurons promotes nest-building, a sleep-preparatory behavior. We further demonstrate that activity in VTA dopaminergic neurons is relatively low during experimentally induced nest-building, and optogenetic activation suppresses this behavior. Interestingly, nest-building in zebra finches (Taeniopygia guttata) is also correlated with reduced VTA dopaminergic activity 35 .
(Although zebra finches sleep in their nests, they also rear their young there, and this study was not performed in the context of sleep.) These findings suggest that sleep and sleep-related behaviors are normally displayed in a state of reduced VTA dopaminergic tone. Our study proposes an active role for VTA dopaminergic neurons in the maintenance of the behavioral and electrocortical wake state and places VTA dopaminergic neurons at a crucial node in the sleep-wake circuitry. The observed increase in REM sleep following the inhibition of VTA dopaminergic neurons was unexpected in light of our (and previous) 23 findings of increased activity in these neurons during REM sleep. Further investigations may uncover whether activity in functionally distinct subpopulations of VTA dopaminergic neurons is associated with REM initiation and maintenance.
The capacity to increase wakefulness in response to specific environmental conditions and homeostatic needs is essential for survival in nature. Strong behavioral and electrocortical arousal are required for motivated behaviors, such as mating, food-seeking and predator confrontation. VTA dopaminergic neurons are well placed to integrate motivational information for the allocation of suitable levels of arousal for behavioral performance, yet their causal role in electrocortical wake generation had not been thoroughly explored. Among the known neuronal populations that contribute to the awake state and act in concert to generate and maintain arousal are the noradrenergic locus coeruleus, histaminergic tuberomammillary nucleus, cholinergic basal forebrain and hypocretinergic lateral hypothalamus neurons 6, 7 . It is thus notable that inhibition of VTA dopaminergic neurons is sufficient to prevent arousal in the face of some of the most salient stimuli for animals, related to reproduction, feeding and predation. Relating our findings to previous work linking dopamine to motivation 4,5 , our results suggest that VTA dopaminergic inhibition not only hampers the motivation to properly attend to salient stimuli but also lessens the motivation to stay awake. Yet, following VTA dopaminergic inhibition, mice do engage in complex goal-directed and sleep-related nestbuilding behavior, suggesting that in parallel with the reduced wake motivation, the motivation to sleep and to engage in sleep-related behaviors is increased. It has been suggested that the NAc participates in the regulation of sleep-wake states 36, 37 , and our findings that photostimulation of VTA-NAc projections initiate and maintain a r t I C l e S wakefulness support this premise and begin to establish the circuit through which VTA dopaminergic neurons regulate sleep-wake states. Taken together, our findings suggest that VTA dopaminergic neurons are a critical link between motivational processes and sleep-wake regulation and implicate VTA dopaminergic neurons as key mediators of adaptive salience-induced arousal. It is also notable that dopamine is a major regulator of sleep-wake states in insects [38] [39] [40] , which could suggest an ancient origin for dopamine in arousal regulation.
A large body of literature has demonstrated that VTA dopaminergic neurons have essential roles in motivation, reward-seeking and reinforcement learning [1] [2] [3] [4] [5] 41 . In addition, optogenetic and chemogenetic tools are frequently used to activate and inhibit these neurons 24, [42] [43] [44] [45] [46] . However, few studies have examined dopamine-related behaviors over longer timescales, as we have done here. Our findings that VTA dopaminergic neurons can potently and bidirectionally regulate arousal have, therefore, far-reaching implications outside the field of sleep research and emphasize the importance of considering arousal influences in experimental designs.
Several neuropsychiatric disorders, including major depressive and bipolar disorders, schizophrenia and substance abuse, are accompanied by dysregulation of dopamine signaling pathways and the sleep-wake cycle [47] [48] [49] [50] , yet relatively little is known about their mechanistic relationship. It is hypothesized that many comorbid pathologies found in these neuropsychiatric disorders arise from a destabilization of sleep-wake mechanisms 48 . Our findings suggest a mechanistic framework for this association and reveal opportunities for investigations on dopamine-related sleep-wake dysregulation in neuropsychiatric disorders.
METhODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
ONLINE METhODS
mice. Tyrosine hydroxylase knock-in mice (Th-IRES-Cre; EM:00254) were obtained from the European Mouse Mutant Archive and backcrossed to C57BL/ 6J wild-type mice for >15 generations. We used only male heterozygous mice, aged 8-10 weeks at the start of experimental procedures. During all sleep and behavioral experimentations, mice were housed in individual Plexiglas recording chambers at constant temperature (23 ± 1 °C), humidity (40-60%) and circadian cycle (12 h light-dark cycle; lights on (ZT 0) at 7:00 a.m.). Food and water were available ad libitum. All experiments were performed in accordance with the guidelines described in the US National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by Stanford University's Administrative Panel on Laboratory Animal Care.
Virus preparation. Cre-inducible recombinant AAV vectors carrying chemogenetic (AAV-EF1α-DIO-hM4Di-mCherry and AAV-EF1α-DIO-mCherry) and optogenetic (AAV-EF1α-DIO-ChR2(H134R)-eYFP and AAV-EF1α-DIO-eYFP) transgenes were serotyped with AAV5 coat proteins and packaged by the viral vector core at the University of North Carolina. The final viral concentration of the chemogenetic transgenes were 5 × 10 12 genome copies (gc) ml −1 and the optogenetic transgene were 2 × 10 12 gc ml −1 . The transgenes for fiber photometry (AAV-EF1α-DIO-GCaMP6f and AAV-EF1α-DIO-GFP) and optogenetic terminal stimulations (AAV-EF1α-DIO-ChR2(H134R)-eYFP and AAV-EF1α-DIO-eYFP) were serotyped with AAV-DJ coat proteins and packaged by the viral vector core at Stanford University. The final viral concentrations were 1.1 × 10 13 and 5.8 × 10 13 gc ml −1 , respectively. Aliquots of virus were stored at −80 °C before stereotaxic injection.
Surgery. At the start of surgical procedures, mice were anesthetized with ketamine and xylazine (100 and 20 mg kg −1 , respectively; intraperitoneal injection, i.p.) and placed on a stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA). To selectively express the viral constructs in dopaminergic neurons of the VTA, we infused recombinant AAV unilaterally to the VTA (AP = −3.3 mm; ML = 0.2 mm; DV = -4.5 mm) of Th-IRES-Cre mice. The virus was injected through a stainless steel 33-gauge internal cannula (Plastics One, Inc., Roanoke, VA) attached to a 10 µl Hamilton syringe, at a rate of 0.05-0.1 µl min −1 (1 µl total volume in chemogenetic and optogenetic cell body experiments and 0.4 µl of the AAV-DJ viruses in fiber photometry and optogenetic terminal stimulation experiments). After infusion, the cannula was kept at the injection site for at least 8 min and then slowly withdrawn. After injections, mice were implanted with two gold-plated miniature screw electrodes (AP = 1.5 mm, ML = −1.5 mm and AP = −3.5 mm, ML = −2.8 mm) and two EMG wire electrodes (316SS/44T, Medwire), previously soldered to a four-pin connector. The EMG electrodes were inserted between the neck musculature. The EEG-EMG device was affixed to the skull with C&B Metabond (Parkell) and dental acrylic. Mice used for fiber photometry and optogenetic experiments also received surgical implantation of a monofiberoptic cannula (400 µm and 200 µm, respectively; Doric Lenses, Inc., Quebec, Canada), above the VTA (AP = −3.3 mm; ML = 0.2 mm; DV = −4.3 mm), NAc (AP = 1.1 mm; ML = 1 mm; DV = −3.8 mm), mPFC (AP = 1.7 mm; ML = 0.35 mm; DV = −1.45 mm), CeA (AP = −1.4 mm; ML = 2.68 mm; DV = −4.15 mm) or DLS (AP = 0.5 mm; ML = 2 mm; DV = −2.9 mm). We used surgical sutures to close the skin, and the mouse was kept in a warm environment until resuming normal activity. Mice were allowed to recover for 3 weeks, and then acclimated to a flexible EEG-EMG connection cable and an optical patch cord (in fiber photometry and optogenetic experiments) for ~10 d within individual recording chambers. Each cable was flexible so that mice could freely move about their cages. We found that 79 ± 1.2% of hM4Di cells in the VTA co-expressed TH (n = 4 mice).
Fiber photometry recordings. Fiber photometry recordings were performed similarly to those in ref. 25 . Briefly, we sinusoidally modulated blue light from a 470-nm excitation LED (M470F3, Thorlabs, NJ, USA) at 211 Hz, using a custom Matlab program (MathWorks, Natick, MA, USA) and a multifunction data acquisition device (NI USB-6259, National Instruments, Austin, TX, USA). The blue light was passed through a GFP excitation filter (MF469-35, Thorlabs), reflected off a dichroic mirror (MD498, Thorlabs), and coupled using a fiber collimation package (F240FC-A, Thorlabs) into a low-fluorescence patch cord (400 µm, 0.48 NA; Doric Lenses) connected to the implanted optic fiber (400 µm, 0.48 NA; Doric Lenses) by a zirconia sleeve (Doric Lenses). GCaMP6f fluorescence was collected through the excitation patch cord, passed through a GFP emission filter (MF525-39, Thorlabs), and focused onto a photodetector (Model 2151, Newport, Irvine, CA, USA) using a lens (LA1540-A, Thorlabs). The signal was sent to a lockin amplifier (30-ms time constant, Model SR830, Stanford Research Systems, Sunnyvale, CA, USA) that was synchronized to 211 Hz. Signals from the amplifiers were collected at 1 KHz using a custom Matlab program and a multifunction data acquisition device (National Instruments).
Fiber photometry data analysis. The photometry signal was downsampled using interpolation to match the EEG and EMG sampling rate of 256 Hz (see below). For each experiment, the photometry signal F was converted to ∆F/F by
In a minority of sessions, the photometry signal showed a short decay at the beginning of the recording. To address this in a general way across all sessions, the ∆F/F signal from each session was fitted with a decreasing exponential of the form a × e bx , where a > 0 and b < 0. We then subtracted the exponential fit from the original ∆F/F signal. This procedure corrected the signal decrease when it occurred and left the signal unchanged when no decrease was observed. We detected transients similar to those reported by previous studies 24 ( Supplementary  Fig. 1 a-g ). Briefly, we generated two filtered ∆F/F signals, one low-pass filtered at 0-4 Hz, and the other low-pass filtered at 0-40 Hz. We calculated a trace of the derivative of their squared difference and identified candidate transient times by thresholding this signal at mean + 2 s.d. We further required that candidate transient times be during high ∆F/F times by thresholding at mean + 2 s.d. For the sleep-wake analysis ( Fig. 1 and Supplementary Fig. 1) , we recorded data during 8 sessions per mouse, each 10-45 min long. We only used sessions during which mice showed all three arousal states (wake, NREM sleep and REM sleep). For each session we calculated the mean ∆F/F during all times of wake, NREM sleep and REM sleep. For the state transition analyses, we identified all time points of state transition and aligned ∆F/F around these times (± 50 s). Transition-aligned ∆F/F traces were Gaussian smoothed (sigma = 3 s).
For the salient stimuli presentation (Fig. 3a) , we recorded data for 5 min, once for each mouse (n = 4). For the nest-building behavior experiment (Fig. 4h-j) , we recorded data for 45 min once for each mouse (n = 4).
Polysomnographic recording and analysis. EEG and EMG signals derived from the surgically implanted electrodes were amplified (Grass Technologies) and digitized at 256 Hz using sleep recording software (Vital Recorder, Kissei Comtec America). Using sleep analysis software (SleepSign for Animal, Kissei Comtec America) we digitally filtered the signal (EEG: 0.3-25 Hz, EMG: 25-50 Hz) and spectrally analyzed it by fast Fourier transformation. The recordings were first scored semiautomatically by 4-s epochs for wake, NREM sleep and REM sleep. The scoring was next inspected visually based on the EEG-EMG waveforms and power spectra and corrected when appropriate. All scoring was done by an investigator (A.E.-R.) blind to the viral transgene delivered to the animal and to the experimental manipulation. Wakefulness was defined as desynchronized low-amplitude EEG and heightened tonic EMG activity with phasic bursts. NREM sleep was defined as synchronized, high-amplitude, low-frequency (0.5-4 Hz) EEG and substantially reduced EMG activity compared with wakefulness, with no phasic bursts. REM sleep was defined as having a pronounced theta rhythm (4-9 Hz) with no EMG activity. The EEG power spectrum data ( Fig. 2h and Supplementary  Figs. 4a,b and 6c,d,e) are expressed as relative values to the total power of the same stage. For the change in delta power with time analysis (Supplementary Fig. 3c ) we used episodes lasting ≥60 s and examined the correlation for the first 60 s of NREM sleep. We omitted one hM4Di mouse from the spectrogram presented in Figure 2f -g because he showed <1% REM sleep following saline injection. Salient stimuli presentation. Test mice, individually housed and connected to an EEG-EMG recording cable, were injected during the dark phase (ZT 13.75) with npg either saline or CNO (1 mg kg −1 ) . Forty-five minutes later, a stimulus was placed in their home cage, for a period of 1 h. EEG-EMG signals were continuously recorded from the test mice during this period. In each experimental session, each test mouse was exposed to one stimulus following either saline or CNO injection. Half of the mice were first treated with saline, while the other half first with CNO. We performed different experiments at least 1 week apart.
In experiments in which salient stimuli were inaccessible, we placed each stimulus on a petri dish lid and covered it by an inverted cylindrical wire grating (11 cm in height, bottom diameter 10.5 cm, bars spaced 1 cm apart; Galaxy Cup, Spectrum Diversified Designs, Inc., Streetsboro, OH, USA) before the placement in the test mice cages. A weighted glass beaker was placed on top of the wire cylinder to prevent test mice from climbing it. In the experiment with the high-fat chow (see below), an additional paper tube punctuated with small holes was placed between the chow and the wire cylinder; to prevent test mice from consuming the chow.
We used three salient stimuli: (i) 8-week-old female C57BL/6J mice (Jackson Laboratory); (ii) high-fat chow (D12451, Research Diets, Inc.); and (iii) 10 µl of 2,3,5-trimethyl-3-thiazoline, a component of fox odor (TMT, #300000368; Contech Enterprises Inc., Canada) applied to filter paper. Test mice were habituated for 5 d to the presence of an empty wire cylinder in their home cage (1 h d −1 ). Female mice were habituated for 5 d to handling and to the placement in a wire cylinder (30 min d −1 ). Each female participated in only one experimental session (i.e., a single exposure to one test mouse). We provided test mice with a small piece (0.3 g) of high-fat chow during the two days preceding the high-fat chow experiment.
In each experimental session, we video recorded one mouse using a Panasonic Lumix DMC-ZS7 camera. The speed of the videos was accelerated ×16 or ×64, as indicated.
Food deprivation. 16 h before the compound injection (at ZT 22) we removed all pieces of food from the home cage environment of the mice.
nest-building behavior. In the chemogenetic experiment presented in Figure 4a -d, we injected mice with either saline or CNO (1 mg kg −1 ) during the dark phase (ZT 13.75). Forty-five minutes after the injections, we transferred the test mice to new individual cages containing 3 g pressed cotton squares (1-1.5 squares, to match 3 g precisely; Nestlet, Ancare, UK agent, Lillico). We evaluated nest-building 1 h later. Each mouse was tested following both saline and CNO injection, at least 1 week apart. Half of the mice were treated first with saline and the other with CNO.
In the optogenetic experiment (Fig. 6f-h and Supplementary Fig. 7i-l) , just before the beginning of the photostimulation (ZT 0) we removed the nest (i.e., all pieces of cotton) from the home cage of the test mice. Upon the start of photostimulation we placed a new 3 g Nestlet in the home cages of the test mice. We evaluated nest-building 3 h later (at ZT 3).
We evaluated nest building, as in ref. 51, using a five-point scale:
(1) Nestlet not noticeably touched (>90% intact).
(2) Nestlet partially torn up (50-90% remaining intact). (3) Nestlet mostly shredded but with no identifiable nest site; i.e., the cotton is not gathered into a nest but spread around the cage (<50% of the Nestlet remains intact, but <90% is within a quarter of the cage floor area). (4) An identifiable but flat nest (>90% of the Nestlet is torn up). The material is gathered into a nest within a quarter of the cage floor area, with walls higher than mouse body height (of a mouse curled up on its side) for less than 50% of its circumference. (5) A perfect or near-perfect nest (>90% of the Nestlet is torn up). The nest is a crater, with walls higher than mouse body height for more than 50% of its circumference.
For analysis, we used the nonparametric Wilcoxon matched-pairs signed rank test, as in ref. 51 .
In the chemogenetic experiment presented in Figure 4h -j we used shredded paper as nesting material, since it enabled the transfer of nests without altering their shape; nests made solely from cotton are easily damaged by handling.
Fiber photometry during nest-building. We scattered the already built nest about the home environment of test mice while performing time-locked fiber photometry, EEG-EMG and video recordings. We also introduced three glass marbles (novel objects) to the test mice home cage after scattering the nest. We video recorded mice using a Panasonic Lumix DMC-ZS7 camera and performed a detailed 1-s behavioral scoring of the videos off-line. 'Novel object' was defined as a direct contact between the test mouse and a marble. ' Active waking' was defined as a state in which the test mouse was awake and alert, but not engaging in grooming, nest-building or novel object exploration. 'Nest-building' was assigned to mice engaging in pulling, carrying, fraying, push-digging, sorting and fluffing of nesting material and bedding, as previously described 30 . For the comparison of mean fluorescence we used data from all 1-s epochs in four experimental mice ('novel object' n = 374; 'active waking' n = 2,801; 'nest-building' n = 2,143). For the comparison of mean transient rate, we used mean values per mice (n = 4). core body temperature measurement. Body temperature was recorded, at the beginning of the light phase, with a lubricated rectal probe connected to digital thermometer (BAT-12 Microprobe-Thermometer; Physitemp; NJ, USA) 15, 30, 60, 120 and 240 min following CNO (1 mg kg −1 ) administration in mCherry and hM4Di mice.
